Background/Aims: Epidemiological evidence indicates that patients with chronic kidney diseases have increased susceptibility to adverse outcomes related to long-term exposure to particulate air pollution. However, mechanisms underlying these effects are not fully understood. Methods: Presently, we assessed the effect of prolonged exposure to diesel exhaust particles (DEP) on chronic renal failure induced by adenine (0.25% w/w in feed for 4 weeks), which is known to involve inflammation and oxidative stress. DEP (0.5m/kg) was intratracheally (i.t.) instilled every 4 th day for 4 weeks (7 i.t. instillation). Four days following the last exposure to either DEP or saline (control), various renal endpoints were measured. Results: While body weight was decreased, kidney weight increased in DEP+adenine versus saline+adenine or DEP. Water intake, urine volume, relative kidney weight were significantly increased in adenine+DEP versus DEP and adenine+saline versus saline. Plasma creatinine and urea increased and creatinine clearance decreased in adenine+DEP versus DEP and adenine+saline versus saline. Tumor necrosis factor α, lipid peroxidation and reactive oxygen species were significantly increased in adenine+DEP compared with either DEP or adenine+saline. The antioxidant calase was significantly decreased in adenine+DEP compared with either adenine+saline or DEP. Notably, renal DNA damage was significantly potentiated in adenine+DEP compared with either adenine+saline or DEP. Similarly, systolic blood pressure was increased in adenine+DEP versus adenine+saline or DEP, and in DEP versus saline. Histological evaluation revealed more collagen deposition, higher number of necrotic cell counts and dilated tubules, cast formation and collapsing glomeruli in adenine+DEP versus adenine+saline or DEP. Conclusion: Prolonged pulmonary exposure to diesel exhaust particles worsen renal oxidative stress, inflammation and DNA damage in mice with adenine-induced chronic renal failure. Our data provide biological plausibility that air pollution aggravates chronic renal failure.
Introduction
It is well established by epidemiological, clinical and experimental studies that air pollution, in general, and particulate air pollution, in particular, have a detrimental effect on the health and may affect various systems [1] . Diesel exhaust particles (DEP) is one of the major sources of particulate air pollution with diameter ≤ 2.5 (PM 2.5 ) and ultrafine particles (UFP) with diameter ≤ 0.1 μm in in urban area [1] . Several studies have established that DEP adversely affect the respiratory system [2, 3] . Moreover, it has been demonstrated that, as a result of their small size, inhaled UFP (nano-sized) can affect distant organs either by direct passage across the alveolar capillary barrier and/or by the release of inflammatory mediators and markers of oxidative stress which may affect several distant organs including the heart, brain or kidney [1] .
The prevalence of chronic renal failure (CRF) has significantly augmented attaining epidemic proportions worldwide attaining around 10% of some populations [4] . Lung and kidney function are closely interconnected under physiological and pathophysiological conditions. It has been well-established that pulmonary injury can exacerbate kidney failure [5] . Moreover, it is well-established that elderly people and those with pre-existing chronic diseases such as diabetes or hypertension are more vulnerable to the adverse effect of air pollution [6] . Since patients with CRF exhibit state of increased inflammation and oxidative stress, it is, therefore, conceivable that these patients are more susceptible to particulate air pollution [7, 8] . In fact, it has been recently demonstrated that living near a major roadway contributes to reduced renal function [9] .
We have recently demonstrated that single and repeated exposure to DEP aggravated cisplatin-induced acute renal failure in vivo in rats [10] [11] [12] and in vitro using human embryonic kidney (HEK-293) cells, and that curcumin pretreatment significantly suppressed the observed DEP and cisplatin-induced cellular insults [13] . However, as far as we are aware, no study has investigated the possible exacerbating effect of prolonged exposure to DEP on animal model of CRF.
Consequently, the aim of this study was to investigate whether and to what extent does prolonged pulmonary exposure to DEP exacerbates renal inflammation, oxidative stress, DNA damage and histopathology in adenine-induced chronic renal failure in mice.
Materials and Methods

Animals
Male TO mice (25-30 g, HsdOla:TO, Harlan, UK) were housed in light (12-h light:12-h dark cycle), relative humidity of 50-60% and temperature-controlled (22±1 °C) rooms. They had free access to commercial laboratory chow and were provided tap water ad libitum. They were randomly divided into four groups and housed in metabolic cages, to facilitate urine collection. The mice were weighed at the beginning of the experiment and just before sacrifice. mice were cared for under a protocol approved by the Animal Research Ethics Committee of our college, and according to the NIH Guide for the Care and Use of Laboratory Animals, NIH publication no. 85- 23, 1985 .
Intratracheal (i.t.) instillation
We used diesel exhaust particles (DEP; SRM 2975) obtained from the National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA) [14, 15] . We have recently analysed the size of DEP used in the present study by transmission electron microscopy and found a substantial amount of ultrafine (nano) sized particle aggregates and larger particle aggregates (< 1 µm in largest diameter) [16] . DEP were suspended in sterile normal saline (NaCl 0.9 %) containing Tween 80 (0.01 %). To minimize aggregation, particle suspensions were always sonicated (Clifton Ultrasonic Bath, Clifton, NJ, USA) for 15 min and vortexed before their dilution and prior to i.t. administration. Control animals received normal saline containing Tween 80 (0.01 %).
Treatments
The animals were anesthetized with i.p. injection of ketamine (75mg/kg) and xylazine (10 mg/kg), and placed supine with extended neck on an angled board. A Becton Dickinson 18 Gauge cannula was inserted via the mouth into the trachea. DEP suspension (0.5 mg/kg in 150 µl) or saline were intratracheally (i.t.) instilled (150 µl) via a sterile syringe and followed by an air bolus of 150 µl. Either DEP or saline was i.t. instilled every every 4 th day for 4 weeks (7 i.t. instillation). To induce CRF, mice received powdered diet containing adenine (0.25% w/w) in feed for four weeks in mice [17] . Control animals received normal food for the same period of time. On day 28, mice were placed in metabolic cage and urine was collected over a 24-h period and the volume measured. On day 29, systolic blood pressure (SBP) and various renal endpoints were measured.
SBP measurement
On day 29, the (SBP) was measured using a computerized noninvasive tail-cuff manometry system (ADInstrument, Colorado Springs, CO, USA). To avoid procedure-induced anxiety, mice were trained for 3 consecutive days before the experimental procedure.
Blood collection and biochemical analysis
Following SBP measurement, the same animals were sacrificed with an overdose of anesthesia and kidneys were excised, washed with ice-cold saline, blotted with filter paper and weighed. The cortex of the right kidney was excised away from the medulla, and rapidly homogenized in ice-cold normal saline to produce 10 (w/v) tissue homogenate.
The concentrations of urea and creatinine in serum were spectrophotometrically measured using commercial kits (Roche Diagnostics, Indianapolis, IN, USA). The activity of catalse (Cayman Chemicals, MI, USA), and the concentrations of tumour necrosis factor α (TNFα) (R & D systems, MN, USA) were measured using commercially-available kits in renal cortex homogenates. The determination of reactive oxygen species (ROS) and lipid peroxidation levels in kidney homogenates were performed as previously described [18] [19] [20] [21] [22] [23] . For the assessment of DNA damage, kidneys were removed immediately after the sacrifice, and the comet assay was performed as previously described [24] . The measurement of length of the DNA migration (i.e. diameter of the nucleus plus migrated DNA) was calculated using the image analysis Axiovision 3.1 software (Carl Zeiss, Canada) [25] .
Histopathology
From each animal in the experiment, a small piece of the left kidney was fixed in 10% neutral-buffered formalin, dehydrated in increasing concentrations of ethanol, cleared with xylene and embedded in paraffin. Five-micrometer sections were prepared from kidney paraffin blocks and stained with haematoxylin and eosin (H &E), Masson's trichrome and Sirius red. Tubular damage was scored as follows: Each section was examined in 15 fields, and the average percentage of the impaired renal tubules was then calculated. The results of renal tubular damage were transformed into an index of renal tubular necrosis, where no damage was assigned a 0 index; <25% damage was assigned 1; 25-50% damage was assigned 2; 50-75% damage was assigned 3 and >75% damage was assigned a 4 index [26] . Renal fibrosis was quantified on Masson's trichrome and Sirius red-stained kidney paraffin sections. Fifteen microscopic areas per animal of randomly selected cortical areas were taken at 400X magnifications using a light microscope (Olympus CX31, Japan). Renal fibrosis: 0: normal kidney; grade 1: minimal fibrous thickening of perivascular or around tubular canals; grade 2: Medium thickening of perivascular or around tubular canals; grade 3: intensive fibrosis thickening perivascular or around tubular canals; grade 4: very intensive fibrosis thickening perivascular or around tubular canals.
Statistics
All data were analyzed with GraphPad Prism Version 4.01 for Windows software (Graphpad Software Inc., San Diego, USA). Data were analyzed for normal distribution using using the D'Agostino and Pearson omnibus normality test. Data are expressed as means ± SEM. Comparisons between groups were performed by one way analysis of variance (ANOVA), followed by Newman Keuls test for comparing treated with control data. P values <0.05 are considered significant. Figure 1A shows that the body weight of mice treated with saline increased about 1℅ their body weight, whereas the body weight of those given DEP significantly decreased by about 10 % relative to their initial body weight (P<0.01). Remarkably, the decrease of weight was significantly aggravated in adenine + DEP versus adenine+saline (P<0.05) or DEP (P<0.05) groups. Figure 1B shows that the relative kidney weights were significantly increased in mice given adenine+DEP compared with adenine+saline (P<0.05) or DEP (P<0.05) groups. The water intake and urine volume were significantly augmented in the adenine+saline group compared with the saline group (P<0.001), and in adenine+DEP group compared with the DEP group (P<0.01) (Fig. 1C and 1D) . th day for 4 weeks (7 intratracheal instillation) with either saline (control) or diesel exhaust particles (DEP, 0.5 mg/kg) with or without adenine administration in the feed (0.25% w/w, for four weeks) (n=6-8). Mean ± SEM. Statistical analysis by ANOVA 1 followed by Newman-Keuls test. 
Results
Body weight, relative kidney weight, water intake and urine volume
Plasma concentrations of creatinine and urea and creatinine clearance
There was no difference in urea and creatinine concentrations between saline and DEP groups. However, treatment with adenine+saline significantly increased the concentration of urea and creatinine compared with the saline-treated mice. Adenine+DEP treatment significantly augmented the concentrations of urea and creatinine compared with DEPtreated group ( Fig. 2A and 2B) .
Creatinine clearance was significantly decreased in adenine+saline compared with saline group (P<0.01) and in adenine+DEP compared with DEP-exposed mice (P<0.01). Figure 3 illustrates that treatment with adenine+DEP significantly increased the concentration of TNFα compared with adenine+saline (P<0.01) or DEP alone (P<0.01). Figure 4A shows that DEP caused a slight but statistically insignificant increase in LPO compared with saline-treated group. Adenine+DEP treatment induced a significant increase of LPO in kidney homogenates compared with adenine+saline (0.05) or DEP alone (P<0.001).
TNFα concentrations in kidney homogenates
LPO, ROS and catalase levels in kidney homogenates
Compared with saline group, i.t. administration of DEP caused a significant increase of ROS in kidney homogenate (P<0.01). The levels of ROS in adenine+saline group were higher compared with saline group (P<0.01). Interestingly, adenine+DEP treatment caused a significant increase of ROS in kidney homogenates compared with adenine+saline (P<0.001) or DEP (P<0.001) (Fig. 4B) . th day for 4 weeks (7 intratracheal instillation) with either saline (control) or diesel exhaust particles (DEP, 0.5 mg/kg) with or without adenine administration in the feed (0.25% w/w, for four weeks) (n=6-8). Mean ± SEM. Statistical analysis by ANOVA 1 followed by Newman-Keuls test. th day for 4 weeks (7 intratracheal instillation) with either saline (control) or diesel exhaust particles (DEP, 0.5 mg/kg) with or without adenine administration in the feed (0.25% w/w, for four weeks) (n=7-8). Mean ± SEM. Statistical analysis by ANOVA 1 followed by Newman-Keuls test.
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The activity of the antioxidant catalase significantly decreased in adenine+saline versus saline group (P<0.01). Of note, catalase activity was significantly reduced in adenine+DEP compared with adenine+saline (P<0.01) or DEP (P<0.001) groups (Fig. 4C) . Figure 5 illustrates the effect of DEP or saline administration with or without adenine treatment on DNA migration assessed by COMET assay. Compared with saline group, DEP did not affect DNA migration. However, adenine+saline caused a significant DNA migration compared with saline group (P<0.001). More importantly, there was a significant DNA migration in adenine+DEP versus adenine+saline (P<0.05) or DEP (P<0.001) groups. Figure 6 illustrates representative micrographs of renal cortex from saline, DEP, adenine+saline and adenine+DEP groups. The kidney architecture was not affected by saline exposure. Histological evaluation (Fig. 6) and scoring (Fig. 7) revealed a higher number of necrotic cell counts, dilated tubules, cast formation and collapsing glomeruli in adenine+DEP compared with adenine+saline or DEP alone. A statistically significant increase in the scores of kidney injury (Fig. 7A) and fibrosis ( Fig. 7B and 7C ) were found in adenine+DEP versus th day for 4 weeks (7 intratracheal instillation) with either saline (control) or diesel exhaust particles (DEP, 0.5 mg/kg) with or without adenine administration in the feed (0.25% w/w, for four weeks) (n=7-8). Mean ± SEM. Statistical analysis by ANOVA 1 followed by Newman-Keuls test. th day for 4 weeks (7 intratracheal instillation) with either saline (control) or diesel exhaust particles (DEP, 0.5 mg/kg) with or without adenine administration in the feed (0.25% w/w, for four weeks) (n=5). Mean ± SEM. Statistical analysis by ANOVA 1 followed by Newman-Keuls test. adenine+saline or DEP alone. A significant increase of injury and fibrosis was also found between DEP versus saline (Fig. 7) .
Kidney DNA damage
Histopathology
Systolic blood pressure DEP induced a significant increase of SBP compared with saline group. Adenine+saline significantly increased SBP compared with saline group. Remarkably, adenine+DEP significantly enhanced SBP compared with adenine+saline or DEP (Fig. 8) .
Discussion
Our study demonstrated that prolonged pulmonary exposure to DEP aggravated renal inflammation, oxidative stress and DNA damage in a mouse model of CRF. Moreover, the histopathological analysis showed exacerbation of tubular necrosis, dilated tubules, cast formation and collapsing glomeruli along with increased of fibrosis in DEP+adenine group compared with adenine+saline or DEP.
It has been previously demonstrated that exposure to particulate air pollution affects various organs including the heart, lung and kidney, and that the at risk fraction of the population are those with pre-existing chronic diseases. Recently kidney transplant recipients and those undergoing peritoneal dialysis have been reported to be more susceptible to PM 2.5 [8, 27] . We have recently reported the effect of acute and subacute exposure to DEP in rat model of acute renal failure induced by cisplatin [11] [12] [13] . However, no study has investigated the potential deleterious effects of DEP on animal model of CRF, and the mechanisms underlying these effects.
Durable ingestion of adenine prevents the excretion of nitrogenous compounds by blocking of renal tubules, and producing metabolic disorders resembling CRF in humans [17, 28, 29] . In mammals, when adenine is present in excess, it becomes a major substrate th day for 4 weeks (7 intratracheal instillation) with either saline (control) or diesel exhaust particles (DEP, 0.5 mg/kg) with or without adenine administration in the feed (0.25% w/w, for four weeks). All magnifications: 400X. The saline group shows normal kidney architecture and histology. In adenine+DEP sections of renal tissues stained with H&E, there was higher number of necrotic cell counts, dilated tubules, cast formation and collapsing glomeruli compared with adenine+saline or DEP sections. Masson's trichrome and Sirius red staining of renal sections shows more collagen deposition in adenine+DEP group compared with adenine+saline or DEP alone. See figure  7 for statistical analysis of scores of renal injury and fibrosis.
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for xanthine dehydrogenase which is able to oxidize adenine to 2,8-dihydroxyadenine [17] . Both adenine and 2,8-dihydroxyadenine have low solubility, they deposit in renal tubules and induce oxidative stress and inflammation leading to renal damage [17] . Adenine has been widely used in rat to induce CRF [28] [29] [30] [31] . In mice, we have recently demonstrated the occurrence of CRF with adenine at a dose of 0.2%, w/w, for 4 weeks [17] . So, in the present study we used a relevant model of CRF in mice and assessed the possible aggravating effect of DEP on various renal parameters. The dose of DEP used here is analogous to numerous dosage treatments previously studied [32, 33] . Mice were i.t. instilled with DEP because it represents a relevant way of exposure, because mice are obligate nose breathers which filter most inhaled particles [34] . Our data show that DEP exposure decreased body weight compared with control and that the concomitant treatment with adenine and DEP further aggravated the weight loss compared with DEP alone or the adenine +saline. The kidney weight was significantly increased in adenine+DEP versus adenine+saline or DEP but the increase was insignificant between adenine+DEP versus adenine+saline. Compared with saline or DEP, adenine+saline or adeine+DEP groups augmented their water intake and urine volume but no exacerbating effect was seen in mice treated with adenine+DEP versus those that received adenine+saline. Similar observations have been made in rats exposed to DEP and injected with cisplatin to induce acute renal failure [12] . Likewise, while both plasma concentrations of creatinine and urea were increased, creatinine clearance decreased in adenine+DEP and adenine+saline compared with DEP or saline, respectively. However, no difference has been observed between adenine+DEP compared with adenine+saline. These findings are in line with a recent study in rat model of ARF and exposed to DEP [12] . th day for 4 weeks (7 intratracheal instillation) with either saline (control) or diesel exhaust particles (DEP, 0.5 mg/kg) with or without adenine administration in the feed (0.25% w/w, for four weeks) (n=8). Mean ± SEM. Statistical analysis by ANOVA 1 followed by Newman-Keuls test. th day for 4 weeks (7 intratracheal instillation) with either saline (control) or diesel exhaust particles (DEP, 0.5 mg/kg) with or without adenine administration in the feed (0.25% w/w, for four weeks) (n=6). Mean ± SEM. Statistical analysis by ANOVA 1 followed by Newman-Keuls test.
Patients with chronic kidney disease present states of augmented inflammation and oxidative stress. These latter states are major features of CRF and its resulting complications both clinically and experimentally [29, 35] . These may conceivably make patients with chronic kidney disease at risk to air pollution [7] . It has been recently demonstrated that DEP potentiate oxidative stress in cisplatin-induced acute renal failure in rats and in HEK-293 cells in vitro, and that the pretreament with antioxidants including thymoquinone or curcumin mitigated DEP toxicity [12, 13, 36] . Here, we found no increase of TNFα in adenine+saline mice. This finding is not in agreement with a previous study which showed an increase in TNFα expression in kidney of adenine-treated rats [37] . This discrepancy could be explained by duration of adenine treatment (16 weeks compared with 4 weeks applied here) and/or the difference in animal species (rats versus mice used here). Notably, in the present study, we show a significant increase of TNFα and markers of oxidative stress including LPO and ROS in adenine+DEP compared with adenine+saline or DEP alone. Moreover, we also show that the activity of antioxidant catalase was significantly more decreased in adenine+DEP versus adenine+saline or DEP alone, indicating a reduced antioxidant defence and hence augmented proneness to oxidative stress. This experimental finding provides, for the first time, a proof of concept that combination of CRF and particulate air pollution aggravate renal oxidative stress and inflammation, and may explain why patients with CRF are more susceptible to particulate air pollution.
ROS can cause impairment of mitochondrial activity, protein structure and DNA. The formation of DNA double strand breaks has been recently reported in the kidney of rat model of adenine-induced CRF and DOCA/salt model [29, 38] . However, the possible aggravation of DNA damage by DEP in the kidney of animal model of CRF has not been reported before. In the present study, we assessed the degree of DNA damage by a well-validated method, i.e. COMET assay [24, 25] , and confirmed its occurrence in adenine-treated mice. More importantly and similarly to the oxidative stress markers measured presently, we showed a significant increase in DNA damage in mice exposed to DEP+adenine compared with those administered with adenine+saline. This finding could be explained by the occurrence of oxidative stress which may lead to DNA damage. It remains to be established if antioxidant treatment can mitigate these effects. It has been recently shown that treatment with antioxidant Gum acacia mitigates genetic damage in adenine-induced chronic renal failure in rats [29, 39] .
In line with the aggravation of the inflammation, oxidative stress and DNA damage parameters by the combination of adenine+DEP, the histological findings showed a higher number of necrotic cell counts, dilated tubules, cast formation and collapsing glomeruli in adenine+DEP compared with adenine+saline or DEP alone. Moreover, Masson's trichrome and Sirius red stained sections demonstrated higher collagen deposition in adenine+DEP mice compared with adenine+saline or DEP alone. It has been shown that inflammation plays a crucial role in renal cortical damage and interstitial fibrosis [40] . It is well established that the number of macrophages is increased in diseased kidney, where they play a key role in renal injury, inflammation, and fibrosis [40] . Additional studies are required to assess the role of macrophage-induced renal inflammation on its detrimental impact on kidney dysfunction following exposure to DEP.
It is well established that CRF has a major effect on the cardiovascular system both clinically and experimentally [37, 41] . Rats with adenine-induced CRF have been reported to develop several cardiovascular disturbances including augmented SBP and impaired vascular reactivity [37] . Here, we confirm the increase of SBP in mice treated with adenine and show a significantly higher increase of SBP in mice treated adenine+DEP compared with either adenine+saline or DEP alone. An aggravation in SBP in rat model of acute renal failure induced by cisplatin injection has been recently reported [12] .
We conclude that prolonged pulmonary exposure to DEP exacerbates renal oxidative stress, inflammation, DNA damage and histological changes in adenine-induced chronic renal failure in mice. Our data provide biological plausibility that patients with CRF are more vulnerable to particulate air pollution than healthy people. Nemmar 
